During the past decade, endogenous antimicrobial peptides have become recognized as important, ubiquitous, and ancient contributors to the innate mechanisms which permit animals (4) and plants (5) to resist infection. Most of these host defense peptides are amphipathic and possess either an ␣-helical or a cystine-stabilized ␤-sheet structure. Among the ␣-helical exemplars are magainins (40, 41) , cecropins (10, 15) , and many cathelin-associated peptides found in mammalian leukocytes (2, 39) . The ␤-sheet peptides include ␣, ␤, insect, and plant defensins (5, 7), protegrins (13) , and tachyplesins (11) .
Clavanins constitute a family of amphipathic, histidine-rich, amidated ␣-helical peptides found in the hemocytes of a protochordate, the solitary tunicate Styela clava (14) . Like the magainins of Xenopus laevis, to which they show limited primary structural similarity, clavanins contain 23 amino acid residues and manifest potent antimicrobial activity. Because tunicates are marine animals, whereas amphibians such as Xenopus live in fresh water, we wondered if clavanins might be more tolerant of salinity than magainin-1. The histidine-rich structures of clavanins also led us to examine the influence of pH on their antimicrobial properties. Our findings provide insights into the relationships between the structure and function of ␣-helical antimicrobial peptides.
MATERIALS AND METHODS
Synthetic peptides. Clavanin A, clavanin A acid and clavanin AK acid were synthesized by SynPep (Dublin, Calif.) and purified by reverse-phase high-pressure liquid chromatography to virtual homogeneity in our laboratory (data not shown). Clavanin A and clavanin A acid differed only in that the carboxyterminal phenylalanine was amidated in clavanin A but not in clavanin A acid. Clavanin A acid and clavanin AK were identical except that each histidine residue in the former was changed to a lysine in the latter (see Table 1 ). Magainin 1 and cecropin P1 were purchased from Bachem (King of Prussia, Pa.) and Sigma (St. Louis, Mo.), respectively. Peptide concentrations were measured by the bicinchoninic acid method (Pierce, Rockford, Ill.).
Antimicrobial assays. The antimicrobial activity of each peptide was tested by minor modifications of a previously described radial diffusion assay (19) . Briefly, washed mid-logarithmic-phase bacteria were trapped in thin agarose gels bearing 3-mm-diameter wells in an evenly spaced five-by-five array. The basal underlay agars contained 9 mM sodium phosphate, 1 mM sodium citrate buffer, 1% (wt/vol) Type I (low electroendosmosis) agarose (A 6013; Sigma), and 0.30 mg of Trypticase soy broth (BBL, Cockeysville, Md.) per ml and were adjusted to pH 5.5, 6.5, or 7.4 prior to sterilization by autoclaving. In some experiments, the underlay gels were supplemented with up to 300 mM NaCl. Stock peptide solutions and serial twofold dilutions were prepared in acidified water (0.01% acetic acid).
Five-microliter samples were introduced as a series of 6 serial twofold dilutions. These ranged in concentration from 3.12 to 200 g of peptide/ml and in amount from 15.6 ng to 1 g of peptide/well. After allowing 3 h for diffusion into the underlay, a 10-ml nutrient-rich overlay gel that contained 60 g of Trypticase soy broth plus 1% agarose per liter was poured. After the plates were incubated overnight to allow surviving organisms to form microcolonies, the diameters of the clear zones were measured to the nearest 0.1 mm and graphed (ordinate) against the log 10 of the peptide concentration (abscissa). Also, the x intercepts were calculated by a least-mean-squares formula (using log 10 transformed peptide concentrations) and these values were used to estimate the MICs of the various peptides.
Permeability of E. coli membranes. To examine the ability of antimicrobial peptides to permeabilize the inner and outer membranes of gram-negative bacteria, we simplified a previously described procedure that uses Escherichia coli ML-35p (17, 18) . The parental strain of the assay organism, E. coli ML-35, expressed cytoplasmic ␤-galactosidase activity constitutively but lacked lactose permease and could not transport ␤-galactoside substrates through its inner membrane. After transformation by pBR322, the assay strain also expressed periplasmic ␤-lactamase activity. The ML35p construct allowed outer membrane permeability to be assessed by monitoring the hydrolysis of a bulky chromogenic cephalosphorin called PADAC In our original use of the assay, PADAC and ONPG (both obtained from Calbiochem, LaJolla, Calif.) were added together to a single cuvette and their respective hydrolysis reactions were followed by multiple-wavelength spectrophotometry and deconvolution by a complex set of equations. In the simpler version used here, the assays were performed in 96-well microtiter plates that were monitored every minute at 420 nm with a SpectraMax 250 Microplate Spectrophotometer (Molecular Devices, Sunnyvale, Calif.) using SOFTmax PRO software supplied by the manufacturer. The wells contained 1.5 ϫ 10 6 washed, stationary-phase E. coli ML-35 cells and either 2.5 mM ONPG or 50 M PADAC but not both. The assays were performed in 10 mM sodium phosphate buffer adjusted to pH 5.5, 6.5, or 7.4. Reactions were started by adding the peptides of interest or an equivalent volume of acidified water to controls. The final incubation volume was 150 l/well. Assays were run at 37°C with regular shaking cycles (10 s every minute). PADAC (approximately 0.15 mM) and ONPG (25 mM) stock solutions were prepared in 10 mM sodium phosphate buffer, pH 6.5. Stock PADAC concentrations were determined by using a molar extinction coefficient of 43,802 at 570 nm.
E. coli ML-35p was maintained on Trypticase soy agar plates containing 100 g of ampicillin per ml. Organisms used for antimicrobial testing or membrane permeability assays were picked from a single colony, incubated in 50 ml of sterile Trypticase soy broth for 16 h at 37°C, washed three times with 10 mM sodium phosphate buffer (pH 6.5), adjusted to an optical density at 620 nm of 0.35 (ϳ10 8 CFU/ml), and kept on ice until used. Because ␤-galactosidase activity was found to vary markedly between pH 5.5 and pH 7.4, we incubated sonicated E. coli ML-35p cells (ϳ5 ϫ 10 6 CFU equivalent) with ONPG at pH 5.5, 6.5, and 7.4 to obtain relative rate factors (4.70 at pH 6.5 and 10.6 at pH 5.5) that were used to normalize ONPG rates for the pH effects. As ␤-lactamase activity was essentially constant over this pH interval, no correction factors were required.
RESULTS
Peptide composition and purity. The primary amino acid sequences of the synthetic clavanins used in this study are shown in Table 1 , which also provides the sequences of magainin 1 and cecropin P1.
Effects of pH.
Although the antibacterial activity of the control peptides, magainin 1 and cecropin 1, was unaffected by pHs between 5.5 and 7.4, the pH strongly affected the activity of the amidated and acid forms of clavanin A against E. coli ML-35p and Listeria monocytogenes EGD (Fig. 1) . Note that although their x intercepts were similar (around 1 g/ml), the zone sizes increased progressively as the pH decreased, probably reflecting the effect of pH on the solubility and selfassociation of these peptides (36a). Clavanin AK produced larger zones at pH 7.4, although its minimal effective concentration (x intercept) was close to that of clavanin A amide and acid. We attribute these larger zones to the greater solubility of clavanin AK at a neutral pH.
When tested under low-ionic-strength conditions, clavanin A amide, clavanin A acid, magainin 1, and cecropin P1 showed little activity against Candida albicans at pH 7.4 and quite respectable activity at pH 5.5 (Fig. 2) . While clavanin AK showed comparably strong activity against C. albicans at pH 5.5, it was also reasonably effective at pH 7.4. The differences between these experiments and the results shown in Fig. 1 indicate that organism-specific, pH-dependent factors can affect susceptibility to antimicrobial peptides.
Membrane permeability. The influence of pH on the ability of clavanin A, clavanin A acid, and clavanin AK to permeabilize the outer and inner membranes of E. coli ML-35p is shown in Fig. 3 . All three clavanins caused extensive and rapid permeabilization of both bacterial membranes at pH 5.5, but only clavanin AK was effective at pH 7.4. At pH 6.5, both clavanin A acid and clavanin A amide were more effective in permeabilizing the outer membrane than the inner membrane, suggesting that these structures are likely to be damaged sequentially rather than concomitantly as previously shown in studies a The sequence of magainin 1 is offset to align it with the clavanins. Magainin residues identical to those in clavanin A are shown in boldface type. The asterisk signifies C-terminal amidation. with defensins (18) . Also at pH 6.5, clavanin A amide acted more rapidly than clavanin A acid in permeabilizing the outer membrane. This kinetic difference suggests that C-terminal amidation, which also occurs in many other antimicrobial peptides, may serve to enhance antimicrobial activity under mildly acidic conditions. Overall, these findings were consonant with the effects of pH on the antimicrobial activity of clavanins against E. coli ML-35p shown in Fig. 1.   FIG. 2 . Effects of pH on antifungal activity. Synthetic clavanin (Clav) A amide, clavanin A acid, and clavanin AK acid were tested against C. albicans in radial diffusion assays. The underlay gels were prepared at pH 7.4, 6.5, or 5.5, and all contained 10 mM buffer (9:1 phosphate/citrate ratio), 1% agarose, and 0.3 mg of Trypticase soy broth powder/ml. These gels did not contain any supplemental NaCl. The diameters of the clear zones are shown in units (10 units ϭ 1 mm). The regression lines for the clavanins (solid) and control peptides (broken) were calculated by the least-mean-squares method. The x intercept indicates the minimal effective concentration. FIG. 3 . Effects of pH on membrane permeability. The outer and inner membrane permeabilities of E. coli ML-35p were monitored as described in the text. Peptides were tested at final concentrations of 20 g/ml. ONPG hydrolysis data at pH 6.5 and 5.5 have been normalized to compensate for the effects of reduced pH on the activity of ␤-galactosidase. OD 420 , optical density at 420 nm.
Effects of salinity.
The antimicrobial activity of magainin 1 and cecropin P1 against L. monocytogenes diminished greatly as the NaCl concentration in the underlay gels increased and was ablated when Ն100 mM NaCl was present (Fig. 4) . In contrast, all three clavanins retained substantial activity against L. monocytogenes in 100 mM NaCl and clavanin AK was also active in 300 mM NaCl. Although adding up to 300 mM NaCl did not impair the antimicrobial activity of cecropin P1 against E. coli ML-35p, magainin 1 progressively lost efficacy as the salinity of the underlay gels increased (Fig. 5) . Clavanin A and clavanin AK were less susceptible to inhibition by NaCl than was magainin 1, but both were more affected by salinity than was cecropin P1.
Antimicrobial spectrum. We examined the activity of the peptides against a panel of bacteria in assays that were performed at pH 6.5 without supplemental NaCl in the underlay gels (Table 2 ). We selected low-salt conditions for these assays to afford better support for antibacterial activity by cecropin P1 and magainin 1. As expected from prior studies, magainin 1 and cecropin P1 showed excellent activity against gram-negative bacteria and variable effectiveness against gram-positive bacteria. Neither was very active against the three strains of Staphylococcus aureus in our panel, two of which were methicillin resistant (MRSA). In contrast, the clavanins showed more uniform activity and were effective against both grampositive and gram-negative bacteria.
DISCUSSION
Most antimicrobial peptides are amphipathic, polycationic molecules with highly basic natures that are imparted by multiple arginine and lysine residues without counterbalancing acidic amino acids (23) . Often, as in cecropins, clavanins, and protegrins, the net cationicity of antimicrobial peptides is augmented by C-terminal amidation. The positive charge of antimicrobial peptides undoubtedly facilitates their interactions with anionic microbial surface components, such as lipopolysaccharide or various anionic membrane phospholipids. Histidine residues have a pK a of approximately 6.5. Consequently, histidine-rich peptides like clavanin A have high net positive charges at pH 5.5 yet are relatively uncharged at pH 7.4.
Cecropins were discovered in diapausing pupae of the silk moth, Hyalophora cecropia (10) , and were later shown to be widely distributed among other insects (for example, see ref- FIG. 4 . Effects of salinity on activity against L. monocytogenes. Different concentrations of NaCl were added to underlay agars, prepared at pH 5.5, whose compositions were otherwise as described in the legend to Fig. 2 . The regression lines for the clavanins (Clav) (solid) and control peptides (broken) were calculated by the least-mean-squares method. The x intercept indicates the minimal effective concentration.
FIG. 5.
Effects of salinity on activity against E. coli ML-35p. Different concentrations of NaCl were added to underlay agars, prepared at pH 5.5, whose compositions were otherwise as described in the legend to Fig. 2 . The regression lines for the clavanins (Clav) (solid) and control peptides (broken) were calculated by the least-mean-squares method. The x intercept indicates the minimal effective concentration. erence 29). Cecropin A, which contains 37 residues and is most effective against gram-negative bacteria, contains two ␣-helical domains (residues 1 to 21 and 26 to 37) separated by a short proline-containing hinge region (residues 22 to 24). The highly cationic N-terminal domain of cecropin A contains six lysines, one arginine, and two acidic amino acids. Its C-terminal region contains a single lysine and no acidic residues. Cecropin P1, which contains 31 residues and is nonamidated (Table 1) , was isolated from the small intestines of pigs and is thought to be a mammalian analog of the insect cecropins (15) . Like insect cecropins, cecropin P1 contains a lysine-rich, cationic N-terminal region and has a characteristic tryptophan residue in position 2. Although as active as insect cecropins against gram-negative bacteria, cecropin P1 is less active against gram-positive bacteria (15) .
Magainin 1, a positively charged peptide that assumes an ␣-helical structure in the presence of anionic liposomes and structure-promoting solvents (12, 24) , manifests broad-spectrum antimicrobial activity in vitro (40, 41) . It contains 23 amino acid residues and is nonamidated, and its sequence is identical to PGS, one of the array of small peptides in the cutaneous granular glands of X. laevis (9, 34) . Magainins form anion channels in patch-clamped lipid bilayers (6) and bind to phospholipid vesicles, where they self-associate, insert, and form pentameric pores that allow leakage of internal contents (24) (25) (26) .
Although clavanin A appears in many respects to be a typical ␣-helical antimicrobial peptide (14) , it is unusual in that its cationicity derives primarily from histidines rather than from arginine or lysine residues. Only a few other histidine-rich antimicrobial peptides have been described, including histatins (21) and a peptide which corresponds to residues 20 to 44 of CAP37/azurocidin (NQGRHFCGGALIHARFVMTAASC FQ) and may form the antimicrobial domain of this lipopolysaccharide-binding, antimicrobial protein of human neutrophils (28) . Like the clavanins described in this report, these other histidine-rich antimicrobial peptides also show greater antimicrobial activity at pH 5.0 to 5.5 than at a neutral pH (20, 28) .
Histatins are a family of peptides secreted by the human parotid gland. They have also been called histidine-rich polypeptides (3, 27) and usually appear as six distinct main bands on polyacrylamide gels (1) . Several of these bands are proteolytic products (37) of shared peptide precursors (32) encoded by genes located on chromosome 4q13 (35) . The major family members-histatins 1, 3, and 5-contain 38, 32, and 24 amino acid residues, respectively (38) , and exhibit antibacterial and anticandidal properties (37, 38) .
The candidacidal activity of histatin 3 has been attributed to a region containing KFHEKHHSHRG, comprising residues 13 to 24 of the holopeptide (37) . A candidacidal C-terminal fragment of histatin 5, GYKRKFHEKHHSHRGY (residues 9 to 24), adopts a largely ␣-helical conformation in lipid-like environments which simulate cell membranes (30) . Histatins are also being used as templates for designing ␣-helical peptides that are active against C. albicans (31, 42) .
We initiated the studies reported herein to examine the effects of pH and salinity on the antimicrobial properties of clavanin A, an ␣-helical antimicrobial peptide found in the hemocytes of S. clava, a marine protochordate (tunicate). In unpublished experiments that will be described elsewhere, we have localized hemocyte clavanins by immunoelectron microscopy to the cytoplasmic granules of certain hemocytes, including avidly phagocytic morula cells. It is noteworthy that morula cells from the tunicate Ascidia ceratodes were recently reported to have cytoplasmic vacuoles with pHs of 5.0 (16). Such acidic conditions are likely also to exist in the phagocytic vacuoles of tunicate hemocytes and should support optimal antimicrobial activity by these histidine-rich granule-associated peptides after their delivery via postphagocytic degranulation.
Taken in conjunction with studies of the other histidine-rich antimicrobial peptides mentioned above, the data described in this report indicate that strategically placed histidine residues endow antimicrobial peptides with pH-dependent antimicrobial activity which can render them active at low pH and relatively inactive at neutral pH. Although the design of clavanin A probably relates to its ability to function optimally within highly acidic vacuoles, histidine-rich polypeptides may be especially useful templates for developing antimicrobial peptides intended to function within acidic environments such as the gastric lumen, vagina (for example, see reference 22), or cariogenic dental foci (36) of mammals. The relative lack of activity of histidine-rich peptides at a neutral pH could prove to be especially advantageous by limiting their activity to such sites.
Since the broad antimicrobial spectrum of clavanins includes both S. aureus and Pseudomonas aeruginosa, and since they retain antimicrobial activity in high NaCl environments, clavanins might also provide useful starting points for designing peptides for topical delivery to the lungs of patients with cystic fibrosis. In this condition, the increased salinity of bronchopulmonary fluids appears to promote colonization by organisms such as Pseudomonas and S. aureus, presumably by reducing the efficacy of endogenous antimicrobial molecules of pulmonary mucosal surfaces (33) .
